Vascular cell senescence, induced by the DNA damage response or inflammatory stress, contributes to age-associated vascular disease. Using complementary DNA microarray technology, we found that the level of POZ/BTB and AT-hook-containing zinc finger protein 1 (PATZ1) is downregulated during endothelial cell (EC) senescence. PATZ1 may have an important role as a transcriptional repressor in chromatin remodeling and transcription regulation; however, the role of PATZ1 in EC senescence and vascular aging remains unidentified. Knockdown of PATZ1 in young cells accelerated premature EC senescence, which was confirmed by growth arrest, increased p53 protein level and senescence-associated b-galactosidase (SA-b-gal) activity, and repression of EC tube formation. In contrast, overexpression of PATZ1 in senescent cells reversed senescent phenotypes. Cellular senescence induced by PATZ1 knockdown in young cells was rescued by knockdown of p53, but not by knockdown of p16 INK4a . PATZ1 knockdown increased ROS levels, and pretreatment with N-acetylcysteine abolished EC senescence induced by PATZ1 knockdown. Notably, PATZ1 immunoreactivity was lower in ECs of atherosclerotic tissues than those of normal arteries in LDLR À/À mice, and immunoreactivity also decreased in ECs of old human arteries. These results suggest that PATZ1 may have an important role in the regulation of EC senescence through an ROS-mediated p53-dependent pathway and contribute to vascular diseases associated with aging.
Cellular senescence is an irreversible state of cell proliferation arrest, which can be caused by diverse factors, such as telomere shortening or dysfunction, oncogenic activation, chromatin perturbation, DNA damage, oxidative or inflammatory stresses, irradiation, cytotoxic drugs and so on. 1 Cellular senescence was first reported in normal human dermal fibroblasts after serial cultivation in vitro, designated as replicative senescence. 2 In addition to growth arrest, senescent cells show a variety of characteristic phenotypes including larger and flattened cell morphology, 2 increased activity of senescence-associated b-galactosidase (SA-bgal), 3 upregulation of p53 and p16 INK4a protein levels, 4 DNA damage markers, such as gH 2 AX and telomere dysfunctioninduced foci, 5 senescence-associated heterochromatic foci in the nucleus 6 and secretion of inflammatory cytokines. 7 A large body of evidence suggests that cellular senescence could be behind the process of organismal or tissue aging and may be an underlying mechanism for protection against cancer development due to uncontrolled proliferation. 8 Organismal or tissue aging may be attributed to net accumulation of senescent cells in tissues and to limits on the regenerative potential of stem cell pools. 9 Oncogene activation during tumorigenesis induces cellular senescence, which limits cancer progression. 4 Furthermore, cellular senescence may contribute to the pathophysiology of a variety of agingassociated diseases such as atherosclerosis, osteoarthritis, wound healing, benign prostate hyperplasia, etc. 10 Regardless of heterogeneity in the underlying factors and biological markers associated with cellular senescence, accumulating evidence implicates the tumor suppressors, p53 and p16
INK4a / Rb, as the common major effectors of cellular senescence in normal somatic cells. 8 PATZ1 (POZ/BTB and AT-hook-containing zinc finger protein 1), also named zinc finger protein 278 (ZNF278), MAZ-related factor (MAZR) and zinc finger sarcoma gene (ZSG), is a putative transcription regulator with 7 Cys2-His2-type zinc fingers.
11 PATZ1 is ubiquitously expressed in human tissues.
12 PATZ1 encodes 687 amino acids and is found at chromosome 22q12. 13 Although the physiological role of PATZ1 is not clear, experimental evidence suggests that it is a potential transcription regulator. 11, 13, 14 PATZ1 can function as a transcriptional repressor of basal transcription or as a corepressor of RNF4 RING finger protein-mediated transcription activation on the c-myc, CDC6, galectin-1 and SV40 promoters.
14 PATZ1 negatively regulates CD8 expression in double-negative thymocytes by binding to the CD8 enhancer and interacting with the nuclear receptor corepressor N-CoR complex. 15 In contrast, PATZ1 acts as a transcriptional activator of the c-myc promoter in B cells, and transcriptional activation by BACH2 is enhanced by its interaction with the BTB/POZ domain of PATZ1. 13 In carcinogenesis, PATZ1 has been found to fuse to the Ewing sarcoma gene (EWS) by a submicroscopic inversion of 22q, resulting in activation of EWS in soft tissue sarcoma, suggesting that PATZ1 might have a potential tumor suppressor function.
16 PATZ1 could also be a potential proto-oncogene in colorectal cancer, as PATZ1 expression is increased in colorectal cancer tissues, PATZ1 upregulation promotes cell growth and its knockdown inhibits cell proliferation. 12 Recently, PATZ1 was reported to have a crucial role in normal male gametogenesis, and its upregulation and mislocalization from the nucleus to the cytosol was associated with the development of testicular tumors. 17 Taken together, PATZ1 might be involved in the regulation of cell proliferation as a putative tumor suppressor or as an oncogene that regulates transcription, suggesting that PATZ1's role may still be somewhat controversial depending on cell context. Furthermore, as PATZ1 function in primary cells remains unclear, elucidation of PATZ1 function in the primary cell system may help shed light on its general functions.
The present study shows that the expression level of PATZ1 is decreased during cellular senescence of human umbilical vascular endothelial cells (HUVECs). Although knockdown of PATZ1 in young HUVECs accelerates cellular senescence, PATZ1 overexpression in old cells reverses senescence phenotypes. Furthermore, PATZ1-induced senescence is associated with ROS-mediated p53-dependent DNA damage responses. Notably, PATZ1 immunoreactivity decreases in endothelial cells (ECs) of atherosclerotic plaques in mice and of old arteries in humans. Our data suggest that PATZ1 has an important role in EC senescence through a p53-dependent signaling pathway and in vascular diseases associated with aging.
Results
Downregulation of PATZ1 in old HUVECs. PATZ1 was initially isolated to be repressed during cellular senescence in HUVECs by complementary DNA (cDNA) microarray technology (data not shown). Expression levels of PATZ1 mRNA and protein were further confirmed by RT-PCR and western blot analysis in young and old HUVECs. PATZ1 mRNA and protein levels were lower in old cells than in young cells (Figures 1a and b) . In addition, a decrease in phosphorylated Rb and increases in p53, p21 CIP1 , p16 INK4a and phosphorylated ATM were observed in old cells (Figure 1b) . Shortening of telomere length was also confirmed in old cells ( Figure 1c ). As four alternatively spliced transcript variants and tissue/cell specific expression have been described for the PATZ1 gene, 18 we examined which variants was expressed in HUVECs. We found that variant 1 of PATZ1 (687 amino acids, about 74 kDa) was predominantly expressed in the protein levels in HUVECs, although four different transcripts of PATZ1 mRNA were observed in both cells by RT-PCR and dideoxy sequencing (Supplementary Figure 1) .
Induction
of cellular senescence by PATZ1 downregulation in young HUVECs. As the levels of PATZ1 mRNA and protein were decreased in old cells, we examined whether knockdown of PATZ1 accelerates cellular senescence. Young cells were transfected with PATZ1 siRNAs and downregulation of PATZ1 was confirmed by RT-PCR and western blotting (Figures 2a and f) . In young HUVECs, PATZ1 knockdown caused cells to flatten, enlarge and become irregular in shape, with an increased diameter similar to old cells (Figure 2b ). Knockdown of PATZ1 in young cells increased SA-b-gal staining activity (Figure 2b ). Cell proliferation and bromodeoxyruidine (BrdU) incorporation were decreased in PATZ1 siRNA-transfected cells (Figures 2c and d) . To confirm that PATZ1 siRNA cells entered senescence-related cell cycle arrest, cells were stained with propidium iodide, and DNA content was analyzed by flow cytometry. Although cell populations in S and G2/M phases were reduced, cells in G0/G1 increased in PATZ1 siRNA cells (Figure 2e ), suggesting that PATZ1 knockdown induces G0/G1 cell cycle arrest, one of the typical phenotypes of cellular senescence. 19 As pATM, p53, p21 CIP1 and pRb protein levels are also known to be changed during cellular senescence, 20 we measured the levels of these proteins in PATZ1 siRNA cells. Expression levels of pATM, p53 and p21 CIP1 proteins increased in PATZ1 siRNA cells (Figure 2f ). Accumulation of phospho-H 2 AX foci was also enhanced in PATZ1 siRNA cells, suggesting that cellular senescence induced by PATZ1 knockdown is mediated through the ATM-dependent DNA damage signaling pathway (Figure 2g ). HUVECs are known to form primitive blood vessels or tube structures in vitro following exposure to angiogenic factors. 21 Although young HUVECs and control-siRNA transfected HUVECs grown in Matrigel showed tube formation, no tube formation was observed in old HUVECs and PATZ1-siRNA cells ( Figure 2h ). As PATZ1 was reported to induce apoptotic cell death in human glioma cells, 22 we also measured the cleavages of caspase-3 and poly ADP ribose polymerase (PARP), and Annexin-V staining in PATZ1-siRNA cells. Cleavages of caspase-3 and PARP, and an increase in Annexin-V staining were not observed in PATZ1-knockdown cells (Figure 2i ). This suggests that PATZ1 knockdown in HUVECs does not induce apoptosis, but rather accelerates cellular senescence in HUVECs.
In addition to HUVECs, we measured effects of PATZ1 knockdown in young human fibroblasts and human dermal microvascular endothelial cells . As expected, PATZ1 downregulation in young cells induced senescence phenotypes (Supplementary Figure 2 and Figure 3 ), suggesting that PATZ1 might have an important role in the regulation of cellular senescence in other primary cells.
Reversal of cellular senescence by PATZ1 overexpression in old HUVECs. As the PATZ1 level decreased in old cells, we examined whether overexpression of PATZ1 in old cells reverses the senescence phenotypes. Old cells were transfected with pLenti6/V5/PATZ1 plasmids, and upregulation of PATZ1 levels was confirmed by RT-PCR and western blotting (Figures 3a and f) . Upregulation of PATZ1 in old cells increased cell proliferation (Figure 3b ) and repressed SA-b-gal activity (Figures 3c and d) . PATZ1 overexpression also released old cells from G2/M cell cycle arrest, confirmed by increases in G1/G0 and S-cell populations as visualized by flow cytometry (Figure 3e ). In addition, PATZ1-overexpressing cells had decreased levels of phosphorylated-ATM, p53 and p21 CIP1 proteins and increased phosphorylation of Rb at serine 807 and serine 811 (Figure 3f ). PATZ1 upregulation also decreased SA-bgal staining activity in old human fibroblasts (Supplementary Figure 4) . These data suggest that PATZ1 upregulation in old cells reverses senescence phenotypes. Inactivation of these two pathways is well known to abolish cellular senescence. 23 To determine which pathway might be involved in cellular senescence by PATZ1 knockdown, we knocked down p53 or p16
INK4a levels using shRNA retroviral vectors in young HUVECs and measured the effects of PATZ1 on cellular senescence. Initially, knockdown of the levels of p53 or p16
INK4a mRNA and protein was confirmed by RT-PCR and western blotting (Figure 4a ). Downregulation of p53 or p16
INK4a had no effect on the expression level of PATZ1 protein (Figure 4a ) and SA-b-gal activity staining (Supplementary Figure 5) . Downregulation of PATZ1 inhibited cell proliferation in p16
INK4a -knockdown cells, but not in p53-knockdown cells (Figure 4b ). Although the level of pRb protein decreased in the p16sh/PATZ1 siRNA cells, the p53 protein level increased compared with the other cells, particularly the p53sh/PATZ1 siRNA cells (Figure 4c ). Transfection with PATZ1 siRNA increased SA-b-gal activity in p16
INK4a -knockdown cells, but not in p53-knockdown cells (Figures 4d and e) . Therefore, these results suggest that PATZ1 knockdown-induced cellular senescence is mediated through a p53-dependent pathway. was increased in PATZ1 siRNA cells (Figure 5a ). Furthermore, pretreatment with N-acetylcysteine (NAC), a well-known antioxidant, reduced p53 and p21 CIP1 protein levels that had been increased in PATZ1 siRNA cells (Figure 5b) . Augmentation of SA-b-gal activity in PATZ1 siRNA cells was also decreased by NAC pretreatment (Figures 5c and d) . We measured the levels of manganese superoxide dismutase (MnSOD) and catalase in PATZ1-siRNA cells whether PATZ1 knockdown increases ROS levels by regulating the expression levels of antioxidant enzymes in cells. PATZ1 knockdown had no effects on the expression levels of MnSOD and catalase mRNA (Figure 5e ). These results imply that cellular senescence induced by PATZ1 knockdown is mediated through an ROS-dependent signal pathway.
Weak PATZ1 immunoreactivity in ECs of mouse atherosclerotic plaques and old human arteries. To investigate whether PATZ1 is involved in in vivo vascular aging and aging-associated vascular diseases, aortic sinus sections from LDLR À/À mice with or without atherosclerotic lesions were stained for SA-b-gal activity and with a PATZ1 antibody. Blue cells showing SA-b-gal staining activity were observed only in atherosclerotic lesions of LDLR À/À mice (Figure 6a ). PATZ1 immunoreactivity was decreased in ECs and smooth muscle cells of atherosclerotic lesions compared with normal aortic sinuses in LDLR À/À mice (Figure 6b ). PATZ1 immunoreactivity was also measured in arterial tissues obtained from young and old humans. As expected, immunopositive reactions to the PATZ1 antibody were weaker in ECs of old arteries than in those of young arteries (Figure 6c ). These data suggest that PATZ1 might have an important role in vascular aging as well as in vascular diseases related to aging.
Discussion
The present study clearly shows the first evidence for the involvement of PATZ1 in cellular senescence of human primary ECs through the p53-dependent signal pathway. We also found that loss of PATZ1 expression is associated with vascular disease as well as vascular aging. We demonstrated that PATZ1 has an important role in cellular senescence of ECs through two different findings: (i) knockdown of PATZ1 in young cells induced cellular senescence, which was confirmed by growth arrest, an increase in p53 protein level and SA-b-gal activity, and the accumulation of phospho-H 2 AX foci (Figure 2) , and (ii) upregulation of PATZ1 in old cells reversed senescence phenotypes, such as a change in cell morphology, an increase in cell growth and a decrease in SA-b-gal activity (Figure 3) .
PATZ1 contains an N-terminal POZ/BTB domain, an AT-hook domain and seven C2H2 zinc finger domains at the C-terminus. The POZ (Poxvirus zinc finger) or BTB (Bric-abrac, Tramtrack, Broad-complex) domain is widely distributed in many organisms and functions as a protein-protein interaction module. A variety of proteins, such as promyelocytic leukemia zinc finger (PLZF), BTB and CNC homolog 1 (BACH1), zinc finger and BTB-domain containing 2 and 5 (ZBTB2 and ZBTB5), and hypermethylated in cancer 1 (HIC1), are known to contain the POZ/BTB domain 24 and have been reported to regulate cell proliferation as well as cellular senescence. PLZF restricts proliferation of human cord blood-derived myeloid progenitor cells 25 and corneal ECs.
26 BACH1 inhibits p53-dependent premature cellular senescence in response to oxidative stress. 27 ZBTB2 was found to increase cell proliferation by repressing transcription of the p21 CIP1 gene, a well known p53 target gene.
28
HIC1 suppresses age-dependent development of cancer by mediating SIRT1-and p53-dependent apoptotic DNA damage responses. 29 One critical question has been determining what signal mediates the cellular senescence induced by PATZ1 knockdown in young HUVECs. Accumulating evidence suggests that p53/p21 CIP1 and p16 INK4a /Rb tumor suppressor pathways are key regulators of the senescence response. 8 We found that p53 is required for PATZ1 knockdown-induced cellular senescence: (i) PATZ1 knockdown decreased cell proliferation in p16-shRNA cells, but not in p53-shRNA cells ( Figure 4b) ; (ii) PATZ1 knockdown decreased pRb protein levels and increased p53 protein levels in p16
INK4a knockdown cells ( Figure 4c) ; (iii) PATZ1 knockdown induced increased SA-b-gal activity in p16-shRNA cells, but not in p53-shRNA cells (Figures 4d and e) . The POZ/BTB proteins, such as HIC1, PLZF, BACH1, NAC-1 and BCL-6, have been 24 ZBTB7A/FBI-1/Pokemon, one of the POK (POZ and Kruppel-like zinc finger) families, directly binds the p19Arf promoter and can repress its activity, resulting in oncogenic transformation through inhibition of p53 activity. 30 Furthermore, loss of ZBTB7A/ Pokemon in mouse embryonic fibroblasts resulted in premature senescence and unresponsiveness to oncogenic stimuli, which was caused by aberrant upregulation of ARF. 31 We showed that the level of phosphorylated-ATM was increased during premature cellular senescence induced by PATZ1 knockdown (Figure 2f ) and was decreased in cells overexpressing PATZ1 (Figure 3f ). As ATM activation has a critical role in p53-dependent DNA damage signaling, 32 our results suggest that cellular senescence by PATZ1 knockdown might be mediated through ATM/p53-dependent DNA-damage responses.
ROS are known to trigger DNA-damage responses in p53-dependent cellular senescence. 33, 34 We found that ROS levels were increased in PATZ1-shRNA cells (Figure 5a ), and pretreatment with N-acetylcysteine, a well known antioxidant, rescued senescence phenotypes induced by PATZ1 knockdown (Figures 5b-d) , suggesting that PATZ1 knockdown may induce EC senescence through an ROS-mediated p53-dependent DNA damage response. In addition, some other proteins might also contribute to the regulation of cellular senescence induced by PATZ1 knockdown. One of POZ/BTB protein member, HIC1 was reported to bind to SIRT1 through its POZ domain. 29 As SIRT1 is known to modulate premature senescence-like phenotype in human ECs, 35 we measured binding of PATZ1 protein to SIRT1 by immunoprecipitation. We confirmed that the SIRT1 protein level decreased in old cells and PATZ1 was bound to SIRT1 (Supplementary Figure  6) . Further studies on the regulation of SIRT by PATZ1 would be necessary to elucidate the role of PATZ1 in the regulation of cellular senescence.
Cellular senescence has been thought to contribute to in vivo tissue aging and aging-associated diseases, such as atherosclerosis. 36 Atherosclerosis is a complex, chronic and inflammatory disease of the vasculature with lesions developing in the arterial wall. 37 An activated DNA damage response pathway induced by both oxidative stress and telomere dysfunction may be a crucial mediator for vascular senescence via activation of the p53/p21 CIP1 and p16 INK4a /Rb pathways, which in turn contribute to the pathogenesis of atherosclerosis. 38 Our results suggest that PATZ1 may induce these pathways in ECs, and thus contribute to vascular aging and the development of aging-associated cardiovascular diseases. Cell culture. HUVECs in EGM-2 media were cultured as previously described. 39 For the experiments, cells were used at either passage 7 (PDo28) or passage 15 (PD450). These are referred to as 'young' and 'old' cells, respectively.
Total RNA extraction, reverse transcription-polymerase chain reaction (RT-PCR). Total RNA was isolated from cells using the Trizol reagent (Invitrogen Life Technologies Inc.) according to the manufacturer's instructions. cDNA was synthesized from total RNA using MMLV reverse transcriptase (Promega Corp., Madison, WI, USA) and target DNA sequences were amplified by PCR. 39 GAPDH primers were used to standardize the amount of RNA in each sample.
Protein extraction. Cells were washed with ice-cold phosphate-buffered saline (PBS) and lysed in 100 ml of ice-cold RIPA buffer. After centrifugation, protein concentrations in the supernatants were quantified by the bicinchoninic acid (BCA) method (Pierce Biotechnology Inc., Rockford, IL, USA) using bovine serum albumin as a standard.
Western blot analysis. Proteins were separated on 12 or 10% SDSpolyacrylamide gels and then transferred to nitrocellulose membranes. Primary antibodies against pATM, pRb, PATZ1, p53 and p21 CIP1 were applied overnight at 4 1C, and then HRP-conjugated, goat anti-mouse or anti-rabbit (1 : 3000) antibodies were applied. Antigen-antibody complexes were detected using western blotting Luminol Reagent (Santa Cruz Biotech Inc.). Images of membranes were captured using a LAS-3000 image system (Fujifilm Inc., Stanford, CT, USA). The relative intensities of protein bands, as compared with that of the respective GAPDH signal, were determined by using the Multi Gauge software, version 3.0 (Fujifilm Inc.), and normalized to 1.0 for control cells by averaging three separate experiments.
Measurement of telomere length by realtime PCR. Telomere length was measured by telomeric repeat amplification using realtime PCR. 40 Genomic DNAs were extracted using Chelex 100 Resin (Bio-Rad Laboratories Inc., Hercules, CA, USA). Telomere length in each of genomic DNA was analyzed with telomere primers (tel 1, 5 0 -GGTTTTTGAGGGTGAGGGTGAGGGTGAGGGTGAGGGT-3 0 ; tel 2, 5 0 -TCCCGACTATCCCTATCCCTATCCCTATCCCTATCCCTA-3 0 ) and with 36B4 single-copy telomere gene primers (36B4u, 5 0 -CAGCAAGTGGGAAGGTG TAATCC-3 0 ; 36B4d, 5 0 -CCCATTCTATCATCAACGGGTACAA-3 0 ). Real-time PCR was conducted using SYBR Green PCR master mix (Applied Biosystems Inc., Carlsbad, CA, USA) and the LightCycler 2.0 Real-Time PCR system (Roche Diagnostic Corp., Indianapolis, IN, USA).
Preparation and transfection of pLenti6/V5/PATZ1 plasmids. For overexpression of PATZ1, the pLenti6/V5/PATZ1 plasmid was prepared according to the manufacturer's instructions (Invitrogen Life Technologies Inc.). PATZ1 cDNA was amplified from the pOTB7/PATZ1 plasmids by PCR and cloned into a pLenti6/ V5-D-TOPO vector. Nucleotide sequences of PATZ1 were confirmed by dideoxy
